Actinorhodin production by Streptomyces coelicolor was used as a model system to study the effects of metals on growth and polyketide synthesis in a streptomycete. Numerous metals were tested in cultures grown in liquid media. Mercury and cadmium were highly toxic, and copper, nickel, and lead were less so, but all tended to inhibit both growth and antibiotic synthesis to a similar extent. Unexpectedly, manganese, cobalt, zinc, and, to a lesser extent, chromium caused complex effects that in general resulted in some enhancement of growth yield but a reduction in antibiotic titers. These complex effects meant that cobalt, manganese, and zinc had lower 50% inhibitory concentrations for antibiotic yields compared with those for biomass. The physiologically active divalent cations calcium and magnesium were also tested. Calcium at high concentrations was particularly effective in reducing antibiotic titers and enhancing growth yields. By adding calcium at different phases of growth, it could be demonstrated that it was most effective in reducing the antibiotic yield when added during the early growth phase. Addition during the antibiotic-producing phase resulted in little reduction of final actinorhodin titers.
Many heavy metals are essential for microbial growth and are therefore required in low concentrations as microelements (5) . However, they may be toxic at high concentrations (7, 8, 19) . Some, such as mercury and cadmium, which have no function in cellular metabolism, are extremely toxic even at low concentrations (3, 15) . Heavy metal-microbe interactions include competition with essential microelements, inhibition of enzymic activities, binding to cell structures such as the cell membrane, and precipitation of nutrients such as phosphate, resulting in their nonavailability to the cell (5, 11) . Secondary metabolism is also known to be affected by the presence or absence of heavy metals, as they may be responsible for activation of some of the biosynthetic pathways (2, 16, 17) . Streptomyces coelicolor is widely used as a model for molecular genetics studies of secondary metabolism and differentiation in streptomycetes. It produces easily identifiable secondary metabolites such as actinorhodin, which is colored (blue in alkali and red in acid) and is synthesized via the polyketide pathway, an important biosynthetic route for the synthesis of antibiotics such as tetracycline and tylosin (4, 12) . The regulatory effects of trace metals or medium mineral content on microbial secondary metabolism has been recorded for a variety of species (16, 17) , but little work has been reported for streptomycetes. In this study, we examined the effects of different metals on a well-studied antibiotic biosynthetic pathway in S. coelicolor as a model system for other polyketide-derived secondary products.
MATERIALS AND METHODS
Organism, media, and growth conditions. S. coelicolor A3 (2) Determination of metal toxicity. Different concentrations of heavy metals were added aseptically as the chloride salt to the liquid medium in flasks after autoclaving. These solutions were then inoculated with spore suspension and incubated for 15 to 17 h (mid-exponential phase of growth) or 6 days (late stationary phase of growth), by which time actinorhodin production in control flasks was at a maximum. Growth was determined by measuring the dry weight of mycelia after 16 h or 6 days. Culture samples of known volumes were centrifuged at 1,500 x g for 10 min in a bench centrifuge, and the pellets were washed twice with distilled water, transferred to preweighed aluminum foil caps, dried for 24 h at 105°C, and reweighed. Cell-free supernatants from 6-day cultures were used to calculate the production of actinorhodin. Values for biomass and antibiotic production in metal-treated cultures were expressed as a percentage of those obtained in untreated control cultures at the same time, which were taken as 100%. Qualitative analysis of the effects of metals was done by using diffusion plates as described by Abbas and Edwards (1).
RESULTS
Growth and actinorhodin production by S. coelicolor. Figure 1 shows the production of actinorhodin during growth of S. coelicolor in SY liquid medium. The increase in the amount of biomass was usually complete by around 40 h, at which time actinorhodin synthesis commenced and continued until around 140 h (Fig. 1) . Actinorhodin synthesis was estimated spectrophotometrically by measuring the optical density at 602 nm of cell-free culture supernatants that had and 700 nm revealed a characteristic Xmax at 602 nm, the magnitude of which was pH dependent; maximum readings were obtained at values of pH 9 and above. The data presented in Fig. 1 served as the model untreated system for investigating the effects of heavy metals on growth and secondary metabolism (actinorhodin production) in S. coelicolor.
The effects of heavy metals on S. coelicolor. Cultures grown exactly as described in the legend to Fig. 1 were used to investigate the effects of metals on growth and actinorhodin production. All metals were added aseptically as chloride salts to autoclaved growth medium, with an untreated culture serving as the control. The biomass was determined for all cultures at 16 h, which corresponded to the mid-exponential phase of growth ( Fig. 1) , at which point no actinorhodin was ever detected. Measurements of biomass and actinorhodin levels were also made after 6 days, at which time both growth and actinorhodin production were maximal and no further increase in the levels of either parameter occurred. Mercury was extremely toxic and appeared to inhibit actinorhodin production more than growth at 0.5 ,ug ml-'. Both processes were totally inhibited at 1 jig ml-' (Fig. 2a ).
Cadmium (data not shown) inhibited growth in a similar fashion, whether measurements were made during the exponential or stationary phases of growth. However, as was the case for mercury, actinorhodin production appeared to be more sensitive, so that at 1 ,ug of cadmium ml-', no antibiotic was synthesized, even though growth yields differed only slightly from those of control cultures. The addition of copper, nickel, or lead to cultures of S. coelicolor resulted in similar levels of inhibition of both growth and actinorhodin synthesis. Nickel virtually abolished growth and actinorhodin production at 5 ,ug ml1- (Fig.   2b ). Similar results were obtained for copper, whereas approximately 100 ,ig of lead ml-' was required to produce the same effects (data not shown).
Manganese, zinc, cobalt, and, to a lesser extent, chromium showed complex effects. Manganese (and cobalt) over a concentration range up to 10 ,ug ml-' had equal effects on both growth and actinorhodin production, which, in the case of cobalt, resulted in up to approximately 50% inhibition. However, at higher concentrations of manganese (or cobalt), actinorhodin yields fell as a percentage of the control culture, whereas the final biomass yield was much increased to almost 150% for both metals and declined thereafter at higher concentrations (Fig. 2c) . Zinc also showed a slight but reproducible stimulation of final growth yield, but the inhibition of actinorhodin production was not as marked as that for manganese and cobalt. Chromium showed some stimulation of both actinorhodin and growth yield, although for this metal, the trends, although reproducible, were not as marked as for the other metals. Table 1) . Effects of physiologically active divalent cations. In light of the results obtained with these divalent metals that have often been used in toxicity studies with many microorganisms (14) , it was decided to investigate the divalent cations more often associated with growth and metabolism. Accordingly, the effects of calcium and magnesium on growth and actinorhodin production were assessed. The results show that increasing concentrations of calcium dramatically affected the yield of biomass but at the same time reduced the amounts of antibiotic synthesized (Fig. 3) . These effects were at their maximum at 500 ,ug of calcium ml-', at which concentration growth yield was 250% of that of the control culture and actinorhodin production was insignificant. These results were similar to, but more extreme than, those already described for manganese (Fig. 2c) .
Magnesium at a similar range of concentrations to that of calcium displayed trends that were similar but not as marked (Fig. 3) . For example, at 500 ,ug ml-', magnesium biomass was stimulated only some 50% above the control value and actinorhodin production was still considerable, being only slightly inhibited to 70% of that of the control. The results obtained with calcium were confirmed in a plate diffusion experiment (Fig. 4) . A calcium gradient was generated by adding a concentrated solution of CaCl2 into a trench dug into agar parallel to one side of the plate such that after incubation at 30°C overnight, the calcium had diffused outwards to a low concentration distal to the trench and a high concentration adjacent to it. S. coelicolor was then streaked APPL. ENVIRON. MICROBIOL. , and manganese (c) on actinorhodin biosynthesis and growth of S. coelicolor. Biomass was measured after 16 h (U) or 6 days (A), whereas antibiotic (A) was measured after 6 days only. Bars represent the mean the standard error of the mean for four separate experiments (two determinations for each) for each metal.
onto the agar at right angles to the trench and right up to it. After incubation for 6 days, three distinct zones could be recognized along the mycelium. In areas of high calcium (Fig. 4, zone A) , sporulation was favored and no actinorhodin was produced. In zone B, sporulation was sparse and vegetative growth with no detectable actinorhodin was apparent. Finally, in zone C in areas of low calcium, there was no sporulation detectable but actinorhodin synthesis was profuse. These results are in general agreement with those presented in Fig. 3 , in that low concentrations of calcium favor actinorhodin production while high concentrations repress it.
Temporal effects of calcium addition. The effects of calcium on growth and actinorhodin synthesis were investigated further. A culture of S. coelicolor was split into a number of subcultures, and calcium (up to 10 mM) was added at different times during the ensuing growth period; one culture remained untreated and served as the control in which biomass and antibiotic production were taken as 100%. Figure 5 shows the results of this experiment. It is immediately apparent that the earlier the growth phase, the greater the effects of calcium addition in terms of both biomass yield and antibiotic production. This implies that the major regulatory effects of calcium are occurring during the phase of sponses to a range of different heavy metals. However, when species were grown on gradients of metals, it immediately became apparent that at some concentrations some metals produced marked effects on sporulation or pigment production or both (1), events that are usually associated with endpoints of growth. The work described here has centered on the effects of metals on growth and antibiotic production by using actinorhodin production by S. coelicolor as a model system. This streptomycete has been used extensively as a model for synthesis of polyketide-derived products, and the molecular biology of this process is particularly well understood (10, 12) . Less work has been reported on the physiology of the process.
The suitability of S. coelicolor for this work was demonstrated by its ability to grow and produce actinorhodin in a starclh-containing liquid medium. Actinorhodin levels could be easily and accurately measured by spectrophotometric methods. Another advantage of this system was that antibiotic production occurred only after growth had ceased, and this allowed the effects of metals on yield of biomass and extent of antibiotic production to be made in a highly reproducible and specific fashion.
The effects of metals on growth and antibiotic production could be generally divided into four groups. Group one, which included the most toxic metals, mercury and cadmium, inhibited final biomass yield to the same extent no matter which phase of growth they were added. Mercury was slightly more inhibitory to actinorhodin production compared with biomass. Group two comprised copper, nickel, and lead, all of which inhibited antibiotic synthesis and yield of biomass in a similar fashion. Copper and nickel exerted similar effects over the same concentration range, whereas much greater amounts of lead were required to inhibit these processes. We have found (A. Abbas, unpublished results) that lead is not particularly toxic to a range of streptomycete species from different taxonomic cluster groups (18) . Plate diffusion experiments similar to that described in Fig. 4 showed that many streptomycete species (including S. coelicolor) could grow up to and even into the trench into which lead had been added (Abbas and Edwards, unpublished observations). Manganese, zinc, cobalt, and to a lesser extent chromium composed a third and potentially more interesting group. At higher concentrations of these APPL. ENVIRON. MICROBIOL. metals, growth yield appeared to be increased, in some cases dramatically so, whereas the amount of antibiotic was gradually inhibited. Electron micrographs of mycelia grown at growth-stimulatory concentrations of the metals failed to show any electron-dense accumulations either on the cell surface or within the cellular matrix (results not shown). This indicated that the higher values for dry weight recorded were mainly due to greater growth yields rather than metal deposition. This conclusion was supported by studies of the effects of different amounts of group four, the physiologically required metals, calcium and magnesium. These metals are involved in a multiplicity of cellular reactions, but their effects have generally been assumed to be antagonistic. However, both metals behaved in a similar fashion that was to some extent paralleled by the metals in group three discussed above. However, much more dramatic effects were recorded with calcium, and a marked elevation of growth yield and a concomitant inhibition of antibiotic production occurred. The fact that these effects were observed largely when calcium was added to growing cultures, with little to no apparent effect when it was added late in the growth phase, means that the major regulatory functions of the metal with respect to actinorhodin synthesis occur during the primary metabolic time domain. This means that the reaction(s) affected by calcium during the growing period may be a prerequisite either directly or indirectly for the operation of the polyketide pathway.
There has been some previous work on the role of calcium on streptomycete physiology. Kamel et al. (9) found that calcium had marked effects on the permeability of S. chromogenes and S. glaucescens, and higher concentrations appeared to increase the secretion of extracellular enzymes. The studies of Salas et al. (13) showed that there was a high calcium content in spores of Streptomyces spp. and that for some species it was an essential triggering factor of spore germination (6, 13) . Examination of Fig. 3 and 4 supports these observations. In areas of the agar that have high calcium concentrations (i.e., those nearest the trough), sporulation is promoted. At intermediate levels, there is sparse sporulation of the mycelium and little pigment production. Finally, in areas of low calcium (i.e., those distal to 100 the trough), actinorhodin production by the mycelium is 10 unaffected.
Another possibility is that calcium is regulating the type of secondary metabolite produced. S. coelicolor produces a calcium-dependent antibiotic, although little is known of its regulation (4 
